The effect of quantum confinement on tunneling field-effect transistors with high-gate dielectric Appl. Phys. Lett. 103, 112105 (2013) Tensile strained Ge tunnel field-effect transistors: k Á p material modeling and numerical device simulation Group IV based tunnel field-effect transistors generally show lower on-current than III-V based devices because of the weaker phonon-assisted tunneling transitions in the group IV indirect bandgap materials. Direct tunneling in Ge, however, can be enhanced by strain engineering. In this work, we use a 30-band k Á p method to calculate the band structure of biaxial tensile strained Ge and then extract the bandgaps and effective masses at C and L symmetry points in k-space, from which the parameters for the direct and indirect band-to-band tunneling (BTBT) models are determined. While transitions from the heavy and light hole valence bands to the conduction band edge at the L point are always bridged by phonon scattering, we highlight a new finding that only the light-holelike valence band is strongly coupling to the conduction band at the C point even in the presence of strain based on the 30-band k Á p analysis. By utilizing a Technology Computer Aided Design simulator equipped with the calculated band-to-band tunneling BTBT models, the electrical characteristics of tensile strained Ge point and line tunneling devices are self-consistently computed considering multiple dynamic nonlocal tunnel paths. The influence of field-induced quantum confinement on the tunneling onset is included. Our simulation predicts that an on-current up to 160 (260) lA/lm can be achieved along with on/off ratio > 10 6 for V DD ¼ 0.5 V by the n-type (p-type) line tunneling device made of 2.5% biaxial tensile strained Ge. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
The tunnel field-effect transistor (TFET) is one of the promising candidates that can reach sub-60 mV/decade subthreshold swing (SS) since the injection mechanism is based on band-to-band tunneling (BTBT) instead of thermal diffusion. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Full-Si TFETs have experimentally shown insufficient on-current mainly due to the phonon assisted BTBT through the large indirect bandgap of Si. 1 Although SiGe and Ge have smaller bandgap and lighter carrier effective masses, experimental results still exhibit unsatisfactory improvements for the next generation FETs. [2] [3] [4] [5] [6] On the other hand, strain can be an effective booster for the indirect BTBT in an all-Si TFET. 11 To further enhance the TFET performance, exploitation of direct BTBT in group IV semiconductors is a promising approach, [8] [9] [10] and a reduction of direct bandgap has been demonstrated theoretically 12 and experimentally 13, 14 using biaxial tensile strain. Kotlyar et al. 8 have theoretically shown the advantage of direct BTBT in strained Ge (an investigation for biaxial tensile stress ¼ 2.5 GPa only) and GeSn over III-V p-type TFETs (pTFETs), in particular, that Ge-based devices can achieve steeper SS, which is limited in III-V devices due to their low electron density of states (DOSs). Wirths et al. 9 also propose to use the direct BTBT spanning of the Ge/GeSn heterointerface to increase the tunneling probability. Yang et al. 10 have experimentally demonstrated compressive strained GeSn pTFETs with lateral tunneling showing improvement on the on-current I on but also unwanted ambipolar and defect-related current. However, the incorporation of Sn in Ge above the solubility limit may significantly enhance unwanted trap-assisted tunneling. A reduced direct bandgap of Ge itself seems most promising to further boost the tunneling current in Ge TFETs while maintaining low parasitic effects. A tensile strained Ge layer in practice can be obtained by pseudomorphically growing the film on a relaxed buffer layer with a larger lattice constant (such as GeSn 9 or InGaAs 15 ), and the strain level can be designed by the composition of the buffer layer. Therefore, in a more systematic way, this paper is focused on the impact of a wide range of biaxial tensile strain (from 0 to 2.5%) on Ge TFETs, where Ge transfers from an indirect to a direct semiconductor. Not only conventional p-i-n TFETs [8] [9] [10] but also pocketed TFETs and TFETs based on the vertical BTBT are simulated, and impacts of field-induced quantum confinement (FIQC) on the pTFET and nTFETs (n-type TFETs) are discussed. We also highlight a new finding that only the lighthole (LH)-like valence band is coupling to the conduction band at the C point even in the presence of strain, which is crucial for direct BTBT.
We employ the 30-band k Á p theory 16 to calculate the electronic band structure of biaxial tensile strained Ge(001), from which bandgaps and carrier effective masses at C and L symmetry points are extracted. Based on the calculated band structures, the parameters of direct and indirect BTBT models are theoretically determined. these parameters are performed for biaxial tensile strained Ge TFETs. The influence of FIQC on the tunneling onset is included by a numerical quantum mechanical calculation.
We start in Sec. II with a k Á p model of biaxially strained Ge and an extraction of the BTBT model parameters. In Sec. III, simulation settings, models and different device structures invoking distinct BTBT components are depicted and results are discussed. Finally, we conclude in Sec. IV.
II. MATERIAL MODELING AND BTBT PARAMETER DETERMINATION
A. Electronic band structure of strained Ge based on a k Á p method
Valence and conduction band edge shifts of biaxially strained Ge(001) calculated by the 30-band k Á p method are presented in Fig. 1(a) . Two valence bands are degenerated at the C point in the relaxed Ge (in-plane strain e // ¼ 0), but nonzero strain breaks the crystal symmetry and splits them. Henceforth, the higher (lower) valence band in energy is denoted as V1 (V2). While compressive strain (e // < 0) raises the direct conduction band edge C C , tensile strain (e // > 0) brings it down exhibiting a reduction of direct bandgap with V1. Under tensile strain, the indirect conduction band edge L C is declining as well. Given that the declining slope of C C is faster than that of L C , the tensile strained Ge changes from an indirect to a direct bandgap material beyond a certain strain level, which is approximately 1.6% according to Fig. 1(b) . This is in good agreement with previous results (1.5% and 1.6% in Refs. 12 and 17, respectively). Note that this also implies a consistent prediction for the indirect bandgaps. Fig. 1(b) suggests that the E g (C) vanishes around a strain e // ¼ 4%, which is also consistent with a previous result based on a nonlocal empirical pseudopotentials model.
12 Fig. 1(b) shows bandgaps for low temperature (4 K) calculated directly from the 30-band k Á p method. But the bandgap at 300 K is the figure of merit for TFET applications. Therefore, the calculated low-temperature bandgaps of relaxed and strained Ge are normalized to the experimental values of relaxed Ge at 300 K (the used direct and indirect bandgaps at 300 K are 0.8 and 0.66 eV at e // ¼ 0, respectively), and which are plotted in Fig. 1(b) as well. Experimental data 13 reveal that the direct bandgap variation at room temperature within a range of small strain (0 < e // < 0.3%) can be linearly fitted by E g (C) % 0.8 À 15 Â e // eV, which extrapolates to E g (C) ¼ 0.725 eV at e // ¼ 0.5 being larger than the modeled value (0.711 eV) only by about 2%. Another experiment 18 at room temperature shows a bandgap of about 0.77 eV between the V2 and C C at e // ¼ 0.5, which is also in excellent agreement with the modeled value of 0.765 eV presented in Fig. 1(b) . Fig. 2 shows the curvature and DOS effective masses of strained Ge at C and L band edges. Except for the longitudinal mass m L , all others in Fig. 2 (a) remain almost constant under different strain levels, which is consistent with previous results. 12 As pinpointed in Ref. 16 , however, the values of the Ge Luttinger parameters obtained by the 30-band k Á p method are underestimated by about 20% compared with experimental which is a limitation of the 30-band k Á p model description used in this work. This implies a deviation from experimental data of the hole effective masses obtained by this 30-band k Á p method. Therefore, we choose to rely on a 6-band k Á p model 19 along with well calibrated parameters 20 for Ge hole masses, and the DOS and curvature effective masses of the valence bands are shown in Fig. 2 (b). Note that the presently used first-principles-optimized 30-band k Á p model for Ge is able to deduce the deformation potentials and electron effective masses at high-symmetry points in the first Brillouin zone with excellent agreement with experiments. 16 Experimental values of the effective masses of tensile strained Ge at high e // (>1%) are not available. The complete 30-band k Á p formalism can be found in Ref. 16 , which includes a 30-level k Á p matrix for relaxed material and a perturbation matrix for strained material. The nondiagonal momentum matrix element P accounts for the interaction between the conduction band C C and valence bands V1 and V2. By specifying P as a default value (¼1.186, in Table VI of Ref. 16) or zero for Ge, we assess the strength of V1-C C and V2-C C interband coupling for relaxed and biaxial tensile strained Ge. As shown in Figs. 4(a) and 4(b), while the heavy hole (HH) band of relaxed Ge and HH-like band of 2% strained Ge remain the same when specifying a different P value, the LH and LH-like bands are affected when specifying a different P value. This actually indicates that the LH band of the relaxed Ge or LH-like band of strained Ge is the only valence band coupling to the C C band meaning the only possible tunneling path for the direct transition. 22 Though a very weak coupling between HH-like V1 and C C in the ip[100] direction can be noticed in Fig.  4(c) , the direct BTBT along ip[100] direction from the LHlike V2 band is assumed to be the dominated component. As a consequence, direct BTBT along op[001] (ip[100]) starting from LH-like V1 (V2) is the only allowed direct transition, inherently featuring different effective tunneling masses and bandgaps.
B. BTBT parameters
In the limit of a uniform electric field, the BTBT model determining the generation rate G BTBT per unit volume can be expressed by 23, 24 
where F (Volt/cm) is the electric field, P ¼ 2 and 2.5 are for the direct and indirect BTBT, respectively. The prefactor A and exponential prefactor B of direct and indirect transitions can be written as 23, 25 A dir ¼ gpm 
where g is a degeneracy factor (equal to 2 Â 1 Â 1 and 2 Â 1 Â 4 for direct and indirect BTBT in Ge, respectively), q is the elementary charge, h is Planck's constant, E C g is the direct bandgap at the C point, m v (m c ) is the valence (conduction) band DOS effective mass, N TA ¼ 1/[exp(e TA /kT) À 1] is the occupation number of the transverse acoustic (TA) phonon at temperature T, where k is the Boltzmann constant, D TA is the deformation potential of TA phonons, q is the mass density (equal to 5323 kg/m 3 for Ge), 26 e TA is the TA phonon energy, and E g is the minimum indirect bandgap. The reduced tunneling mass m r , equal to m e m h /(m e þ m h ), depends on the curvature effective mass m e of the conduction band and m h of the valence band along a given tunneling direction.
While the parameters of direct BTBT A dir and B dir only depend on the bandgap and m r , additional material properties, such as DOS masses, phonon energy, and phonon deformation potential, are required for the indirect parameters A ind and B ind determination. DOS masses are calculated by k Á p methods as explained in Sec. II A. We only consider TA phonons because they possess the smallest energy e TA , consequently highest occupation number N TA and therefore provide the dominant contribution to the BTBT current of a Ge Esaki diode. 27 However, e TA and D TA are altered with strain due to the distorted crystal structure affecting the atomic lattice vibration, which has been studied experimentally on Si and SiGe. [28] [29] [30] To correctly model indirect BTBT in strained Ge, a modified Keating model 31 is using to calculate e TA as a function of tensile strain (e TA ¼ 7.6-0.96 Â e // meV). D TA variation in strained Ge is taken into account by
where a Ge is the lattice constant, N d and N u are, respectively, hydrostatic and uniaxial deformation potentials of the L-valley conduction band, and a is the hydrostatic deformation potential of the valence band. Note that three material properties impacting BTBT are direction-dependent: bandgap (as explained in Figs. 3 and 4) , m r and D TA . Direct and indirect G BTBT of relaxed and 2.5% tensile strained Ge are plotted against the electric field in Fig. 5 based on Eq. (1), exhibiting that for a given tunneling direction direct BTBT always dominates over the indirect one. Another observation is that both direct and indirect BTBT along op[001] are higher than those along ip[100], which can be interpreted by Fig. 3 . For direct BTBT along ip[100], the transitions start from V2 and the effective tunneling bandgap is larger because of the absence of coupling between V1 and C C (see Fig. 4 ). The effective bandgap of indirect BTBT is the same for both directions starting from V1 bridged by phonons, but the hole effective mass is heavier along ip[100] resulting in a smaller tunneling probability.
III. SIMULATION AND DISCUSSION

A. Simulation settings
Device simulations are carried out using SentaurusDevice. 24 Fermi-Dirac statistics and a multivalley model equipped with nonparabolicity a are used to correctly position the Fermi level. While the conduction band nonparabolicity a at L valleys is assumed to be equal to 0.3, 8, 12 the nonparabolicity of C C (V1) can be approximated by direct Fig. 1(a) . In relaxed Ge, two indirect paths (from the HH and LH bands to the L valleys) and one direct path (LH band to C C valley) are considered. In strained Ge, only one indirect path starting from V1 to L valleys is included, and only one direct path starting from LH-like band to C valley is included.
bandgap and effective electron (hole) mass at C point based on k Á p theory. 32, 33 To reasonably assess leakage current caused by thermal generation and source to drain BTBT, Shockley-Read-Hall (SRH) generation and doping-induced bandgap narrowing (BGN) are included. BGN is equipped with parameters for indirect bandgap 34 and parameters experimentally-calibrated for direct bandgap. 35 Dynamic nonlocal path BTBT model is considered, including transitions between the LH-like valence band to the C c valley and the V1 to the L c valleys with theoretical prefactors as listed in Table I . Note that since the minimum indirect bandgap of tensile strained Ge locates at the L point, the transitions coupling to D valleys are ignored due to the larger bandgap as shown in Fig. 1(a) . While the impact of the FIQC on the point-TFETs as shown in Figs. 6(a) and 6(b) with lateral tunneling is marginal, the BTBT onset of a line-TFET as shown in Fig. 6 (c) with vertical tunneling is delayed significantly by FIQC. 36 Since the impact of the FIQC cannot be captured by the semiclassical simulator, the delayed onset of line tunneling is included based on a numerical calculation. 37 This numerical calculation solves the Schr€ odinger equation for the electron wavefunction in the presence of an external potential corresponding to the electrostatic potential in the source region for the line tunneling component. Fig. 7 shows the input characteristics of point-TFETs structured as Figs. 6(a) and 6(b 
B. Point-TFET
19 cm À3 is used in all simulations of Fig. 7 . As shown in Fig. 7(a) , the on-current (I on ) of p-i-n 2.5% strained Ge point-TFET is marginally enhanced by a factor of about 3 compared with a relaxed Ge device. Given that the direct BTBT is dominant in both devices, Fig. 5 anticipated this result, as it also shows approximately a factor of 3 enhancement between the direct generation rate of relaxed Ge and that of 2.5% strained Ge along ip[100] in the electric field range of 1.5-2 MV/cm.
To further improve the point-TFET performance, a pocket with countered doping with respect to the source region and with a given width and depth is inserted as shown in Fig. 6(b) . As shown in Fig. 7(b) , the SS and I on are improved by the pocket due to a stronger initial band bending and a shorter tunneling length. [40] [41] [42] A wider pocket causes an earlier onset voltage (V onset ), which is in agreement In (a) , the IV curve of 2.5% strained Ge TFET is shifted to the left by 50 mV to compare the performance with the relaxed case. Except for a reference condition without pocket (0,0) in (b), the pocket depth is kept at 5 nm while the pocket width is varied from 3 to 6 nm. In (c), the pocket depth is varying from 3 to 7 nm with a constant width of 4 nm. The onset voltage variation induced by the pocket width (depth) is about 70 (35) mV/nm. with previous studies. [40] [41] [42] For a normally-on pocket, whereby a negative gate-source voltage forces the device to turn off, a deeper pocket also causes an earlier V onset as shown in Fig. 7(c) as more gate voltage is needed to result in band bending deeper into the device. Note that when the pocket depth is beyond 10 nm, the gate loses its control in the depth of the device, and the BTBT current in depth cannot be modulated efficiently and SS degrades. 42 Furthermore, the V onset variation induced by the pocket width is twofold larger than the pocket depth.
The overall SS of the pocketed point TFET is insensitive to the pocket depth and to the pocket width in the range of 3 $ 7 nm and 4 $ 6 nm, respectively. The I on of a TFET with a pocket with a depth of 5 nm and a width of 4 nm is enhanced by a factor of 5.2 within a 0.5 V DD operation (with a definition of I off ¼ 50 pA/lm) compared with the no-pocket case.
C. Line-TFET
Instead of a gate-channel overlapping and a counter doped pocket at the source-channel interface as shown in Fig. 6(b), Fig. 6 (c) schematically presents a line-TFET with a 30 nm gate-source overlapping and a counter doped pocket placed underneath the source-oxide interface. The pocket in a line TFET is utilized to suppress the lateral BTBT leakage and mitigate the FIQC, which delays the onset of vertical BTBT. 37, 43 A 10 nm gate extension toward to the channel region is used to minimize the resistance when carriers enter the channel region. 43 Fig . 8 shows the input characteristics of tensile strained Ge n-type TFETs (nTFETs) with 0% (relaxed), 1%, 2%, and 2.5% e // , where Ge is an indirect (direct) bandgap material for 0% and 1% (2% and 2.5%) e // as shown in Fig. 1 . Note that a source doping optimization has been carried out. In particular, to avoid the soft turn-on originating from the highly energetic carriers on the Fermi tail degrading SS when the Fermi level penetrates too deep into the majority band, 7 N s is decreased with the increasing strain. This is due to the reduced DOS resulting from breaking the symmetry and degeneracy. By assuming that the impact of FIQC on lateral tunneling is ignorable, 36 the vertical component is delayed significantly by a quantum confinement (QC) correction. 37 While all devices with a 3 nm pocket still show a shoulder associated with lateral BTBT on the IV curves, a pocket thicker than 5 nm is successful in suppressing the lateral tunneling leakage (circle symbols) and vertical tunneling (dashed and solid lines) predominates. The vertical BTBT current includes two components, namely, indirect and direct transitions both starting from V1 band and ending in, respectively, L and C conduction band valleys, featuring different V onset due to the different QCs' resulting from the different effective electron masses at L and C conduction band valleys. Because of the lighter effective electron mass at the C conduction band valley, the onset of direct vertical BTBT (solid lines) is later. For a given strain level, the offset between vertical indirect and direct BTBT components is reduced by a thicker counter doped pocket alleviating FIQC. A 7 nm thick pocket improves the input characteristics of a 2.5% tensile strained Ge nTFET, and the vertical direct BTBT component predominates the whole IV curve for currents beyond I ds ¼ 100 pA/lm, presenting I on /I off > 10 6 and I on % 160 lA/lm with V DD ¼ 0.5 V as shown in Fig. 8(d) . V DD ¼ 0.5 V as shown in Fig. 9(b) . While a conventional metal-oxide-semiconductor field effect transistor (MOSFET) generally shows a better performance in n-channel than p-channel due to the higher electron mobility, a 2.5% tensile strained Ge pTFET outperforms a 2.5% tensile strained Ge nTFET. This is because the effective hole mass 0.035m 0 is heavier than the effective electron mass 0.023m 0 along op[001] at the C point as shown in Fig. 2 (b) resulting in thinner pocket and retaining the steep onset and higher I on . 43 Note that since the FIQC of the pTFET for transitions starting from V1 band is identical, the onset of the transitions ending on the conduction band at the L valleys is always at larger gate-source voltage than the onset of the transitions ending on the conduction band at the C valley owing to its larger bandgap. As a consequence, there is no vertical indirect BTBT shown in Fig. 9(b) .
The influence of temperature variations from 300 to 360 K on the effective mass is assumed to be ignorable, 44 and the changes of direct and indirect bandgaps can be approximated 45 by a reduction of about 25 and 22 meV, respectively. Since the FIQC decreases with the bandgap 43 and direct bandgap reduces slightly more, the need of a thick counter-doped pocket is somewhat relieved.
D. Critical thickness constraint
As shown in the inset of Fig. 10 , the vertical BTBT onsets when the V1 (E C,C ) aligns to the 1st quantized level on the E C,C (V1) band in a nTFET (pTFET), and this requires a sufficient band bending. The band bending spans over a distance starting from the source-oxide interface to a depth where the electric field just reduces to zero. This distance is defined as a depletion width W d at the V onset of the vertical BTBT. This W d is determined using a quantum mechanical calculation of the 1st quantized level by solving the Schr€ odinger equation for the electron wave function in the presence of an external potential corresponding to the electrostatic potential in the source region.
37 Fig. 10 plots W d against pocket thickness T po for the direct vertical BTBT in 2.5% tensile strained Ge nTFET and pTFET. The W d corresponding to the nTFET is generally larger. This is because of the stronger FIQC associated with a lighter effective electron mass at the C conduction band. For a 7 (5) nm pocket thickness in a nTFET (pTFET), W d is about 14 (12.5) nm indicating that the total source thickness (including pocket thickness) must be thicker than 14 (12.5) nm to maintain sufficient band bending for vertical direct BTBT. The thermal stable critical thickness T c of a tensile strained Ge layer is about 5 nm according to the Matthews-Blakeslee law. 46 However, a metastable strained layer thicker than 5 nm is still possible by adjusting processing conditions, such as lowering the process temperature.
IV. CONCLUSIONS
We calculate the bandgap and effective masses of tensile strained Ge by using a combination of 6-band and 30-band k Á p methods, and determine the theoretical parameters of direct and indirect BTBT models. While transitions from the two highest valence bands to the conduction band edge at the L point can always be bridged by phonon scattering, based on the 30-band k Á p analysis, we highlight that only the light-hole-like valence band along the tunneling direction is strongly coupling to the conduction band at C point. This leads to a larger bandgap and higher effective masses for the direct BTBT in point TFETs compared with the direct BTBT in line TFETs. According to TCAD simulations, the input characteristics of the tensile strained (e // ¼ 2.5%) Ge p-i-n point TFETs are improved marginally and an on-current of only few tens lA/lm is obtained by inserting a counter doped pocket at the source-channel interface. A tensile strained (e // ¼ 2.5%) Ge line nTFET (pTFET) with a 7 (5) nm counter doped pocket achieves I on /I off > 10 6 and I on % 160 (260) lA/lm for V DD ¼ 0.5 V. A pTFET outperforms a nTFET resulting from the thinner pocket needed to reduce FIQC in the pTFET due to the larger hole mass. Note that the quantitative current predictions of this study are based on the calculated bandgaps and effective masses in tensily strained Ge. Experimental calibration for a tensile strained Ge layer with e // > 1% may result in qualitative deviations from the predicted results.
